Abstract: The adsorption of Escherichia coli on different activated carbons has been studied. The activated carbon samples used have been characterized, determining their surface area, pore size distribution, elemental analysis, mineral matter analysis and pH of the point of zero charge. The adsorption capacity of these carbons increased with their hydrophobicity and macropore volume. The number of bacteria adsorbed on the demineralized activated carbon in a solution of pH value equal to the iso-electric point of the carbon was negligible. However, in the presence of cations the proportions of bacterial cells adsorbed were 87.8% (Fe 3 ), 54.7% (Ca 2 ) and 24.8% (Mg 2 ) respectively. This increase in adsorption capacity in the presence of electrolytes has been explained on the basis of both the reduction in electrostatic free energy and the increase in cell surface hydrophobicity due to the metal bound by some compounds of the cell membrane. When the solution pH was intermediate between the pH values of the point of zero charge of the carbon and bacteria the number of bacteria adsorbed increased due to the attractive interactions between the carbon and bacteria. The adsorption of bacteria on activated carbons decreased the porosity and increased the negative charge density of the latter. Depending on the experimental conditions used, the presence of bacteria can enhance the capacity of activated carbons to adsorb lead.
INTRODUCTION
Granular activated carbon (GAC) ®lters are used as a ®nal polishing step in drinking water treatment to remove compounds that are not usually present in the water at high concentrations (algae toxins, pesticides, taste, odours and industrial micropollutants). In addition, this treatment is recognized as an effective process for removing naturally occurring organic material formed by the breakdown of animal and vegetable matter in the environment. Nevertheless, this process can result in bacterial colonization of GAC, 1±10 which is considered to result in part from: (1) the adsorptive properties of carbon, which enrich nutrient and oxygen concentrations and remove disinfectant compounds; (2) the porous surface of the carbon particles, which provides a protective environment from¯uid shear forces; (3) the presence of a variety of functional groups on the carbon surface, which enhances microbial attachment; and (4) neutralization of stressor compounds. Consequently, the bacteria attached to carbon particles are highly resistant to disinfectants. 5, 8, 11 Nevertheless, the establishment of such microorganisms in carbon beds during water treatment can have bene®cial effects. One such effect proposed is that in the biological activated carbon (BAC) process, carbon-bed life can be prolonged by converting a portion of the recalcitrant organics to biodegradable organics by preozonation. The microorganisms attached to the GAC then convert the biodegradable portion to biomass, carbon dioxide, and waste products before this material can occupy adsorption sites on the GAC. 6, 12 Furthermore, the bio®lm formed on the activated carbon can change the surface charge density of the activated carbon, mainly increasing its negative value, which could enhance its adsorption capacity against some positively charged pollutant species, such as most of the heavy metals. 13 These considerations indicate that the process of bacterial adsorption on activated carbons is important in water treatment. The present work had two aims: to study the adsorption process of an enteropathogenic bacterium, Escherichia coli, on activated carbons in different experimental conditions to establish which parameters determine this process, and to investigate the modi®cations to the carbons consequent to bac- terial adsorption and the effect of the latter on the adsorption capacity of the carbons to remove lead from aqueous solutions.
EXPERIMENTAL 2.1 Activated carbons and their characterization
Two commercial activated carbons, designated S (from Sorbo-Norit) and M (from Merck), were used in this study. A third sample used was obtained after the demineralization of activated carbon S (sample S-HCl). The demineralization process was carried out by treatment with HCl following the method described elsewhere. 14 These carbon samples were characterized by elemental analysis; ash content; N 2 adsorption at 77; mercury porosimetry up to 4200 kg cm À2 (Quantachrome Autoscan 60 porosimeter) and pH measurements.
The surface areas of the activated carbon samples were determined by applying the BET equation to the corresponding adsorption isotherms of N 2 at 77 K (S N2 ). Pore size distributions were obtained from mercury porosimetry experiments. These methods have been described in detail elsewhere. 15, 16 The pH drift tests of the three samples (S, S-HCl and M) were carried out as follows: 50 cm 3 of 0.01 mol dm À3 NaCl solution was placed in a titration vessel (298 K). Nitrogen was bubbled through the solution to stabilize the pH by preventing the dissolution of CO 2 . The pH was adjusted to a value between 3 and 9 by addition of 0.1 mol dm À3 HCl or 0.1 mol dm À3 NaOH solutions. The carbon sample (0.15 g) was added to the solution and after 3 h the ®nal pH was measured and plotted against the initial pH. As reported elsewhere, 17, 18 the pH at which the curve crossed the line pH initial = pH ®nal was taken as the point of zero charge, pH pzc .
The mineral matter of activated carbon S was isolated by burning the sample in oxygen plasma using low temperature ashing (LTA) equipment. This mineral matter (sample MM) was also used to adsorb bacteria, but it was ®rst analysed by X-ray diffraction (XRD) atomic absorption spectrophotometry, and a pH drift test.
Bacteria adsorption experiments
E coli, K12 597 strain, was cultivated in Tryptic Soy Broth (TSB) medium (Difco Lab) at 310 K overnight and then centrifuged to recover the cells; the sediment was washed three times with sterile distilled water (sdt) and, ®nally, the cells were resuspended in 20 cm 3 of sdt.
A total of 5 cm 3 of the cell suspension were added to each of two tubes, one containing 0.15 g of carbon sample and the other used as a blank. The contents of each tube were stirred with a vortex mixer for 2 min and the tubes were then placed in an orbital shaker. The tubes were maintained at 298 K with slight agitation (45 rpm), determining non-adsorbed viable cells after different periods of contact time. For this, volumes of 10 mm 3 were removed from each tube, diluted with 990 mm 3 of sdt, and then the suspensions were serially diluted to determine viable cells by plating in Tryptone Soy Agar (TSA) medium (Difco Lab).
To determine the factors affecting bacterial adsorption, the above experiments were carried out in the presence of different chloride salt solutions, viz: FeCl 3 , CaCl 2 and MgCl 2 , as well as at different pH values. Some experiments were carried out in a 0.25 mol dm À3 acetic acid/sodium acetate buffer solution. The effect of mineral matter of the carbon on the adsorption process was studied by using this matter isolated in the LTA as an adsorbent of bacteria following the experimental procedure mentioned above.
In order to determine the changes in both pore size distribution and pH of the point of zero charge of the carbons when adsorbing bacteria, once the activated carbons S and M had been saturated of bacteria (samples S-B and M-B), they were characterized again by mercury porosimetry 14 and the pH drift test.
17,18
Lead adsorption
The adsorption of lead on the activated carbons S and M was studied both in the absence and in the presence of bacteria. The adsorption isotherms of Pb(II) on the two activated carbons were obtained by adding 50 cm 3 of aqueous solution of Pb(NO 3 ) 2 of different concentrations (5±200 mg dm À3 ) to¯asks containing 0.15 g of activated carbon. These¯asks were maintained at 298 K in a thermostat shaker bath for 100 h. Then, the Pb(II) concentration was measured, and the amount of Pb(II) adsorbed was determined.
Pb(II) adsorption experiments were also carried out in the presence of E coli. For this, 3 Â 10 7 cells cm
À3
were added to the¯asks containing activated carbon and Pb(II) using the same experimental conditions as above. To avoid precipitation of Pb(II), the solution was maintained at around pH 5.5 in all experiments. When using carbon M as adsorbent this pH was achieved without adjustment, but in the case of carbon S the pH value was adjusted using 0.1 mol dm À3 HCl. Lead concentrations were measured using a PerkinElmer HGA-74 heated graphite atomizer, which was mounted in a Perkin-Elmer 503 atomic absorption spectrophotometer equipped with deuterium background as described elsewhere. 19 Table 1 summarizes the elemental analysis and ash content of the activated carbon samples. It is important to note the high ash content of carbon S compared with carbon M. When carbon S was treated with HCl its ash content was reduced from 6.07% to 4.66%, suggesting that most of the mineral compounds remaining in the carbon after HCl treatment were SiO 2 and silicates. This hypothesis was con-®rmed by treating the sample S-HCl with HF, which resulted in a reduction of its ash content from 4.66 to 0.83%. The contents of the major metals present in the mineral matter of these activated carbons are given in Table 2 .
RESULTS
The values of the textural characteristics of the activated carbons are shown in Table 3 . Both activated carbons (S and M) have a large surface area with values higher than 1000 m 2 g À1 . Demineralization of carbon S did not in practice vary its surface area and pore volumes. Carbon S has a more developed macroporosity and a slightly lower mesoporosity than carbon M, as deduced by comparing their V 2 and V 3 values. The adsorption of bacteria on to both activated carbons (samples S-B and M-B) reduced their porosity, which in turn reduced their external surface area (S ext ). Figure 1 shows the pH drift tests for all samples. The pH of the point of zero charge, pH pzc , corresponds to that at which the curve crosses the straight line that ®ts the points Initial pH = Final pH . The pH pzc of the samples were determined from this ®gure and their values are listed in Table 3 . These activated carbons, especially carbon S, have a basic surface. The mineral matter present in activated carbon S (sample MM) has a pH pzc equal to 10.4, therefore its surface also has a basic character. The adsorption of E coli on sample S-HCl was negligible. Comparing this result with the high number of bacteria adsorbed by sample S, it is clear that the mineral matter present in carbon S, removed by the HCl treatment, played an important role in the adsorption of these bacteria.
The in¯uence of the ionic strength on the adsorption of E coli was studied by carrying out some ) of different metals (Fe, Ca, and Mg). The results obtained are shown in Table 4 .
The adsorption kinetics of bacteria on samples S and S-HCl in the presence of an acetic/sodium acetate buffer solution pH 4.7 are depicted in Fig 4 . Figure 5 shows the adsorption isotherms of Pb(II) on activated carbons S and M both in the absence and in the presence of bacteria.
DISCUSSION
The adsorption kinetics of E coli on carbon S and on its mineral matter, sample MM, (Fig 2) indicate that both the time needed to reach the adsorption equilibrium and the adsorption capacity of these two samples were similar. Virtually all the bacteria were adsorbed by both samples under the experimental conditions used. Nevertheless, the number of bacteria adsorbed by carbon M was much lower (20%).
The lower adsorption capacity of carbon M compared with carbon S might be explained on the basis of several differences between these two activated carbons. These are:
(i) The lower ash content of carbon M. According to our results and other publications, 20±22 metallic oxides (present in the mineral matter of activated carbons) are good adsorbents for bacteria from aqueous solutions due to the formation of hydrogen bonds between water chemisorbed on the oxide surface and the bacterial surface polysaccharides. 23 (ii) The less hydrophobic character of carbon M, as deducted from both its higher oxygen content (Table 1 ) and its lower pH pzc (Fig 1) . 24, 25 It is well known that surface hydrophobicity correlates positively with bacterial adsorption. 22 ,26±28 According to Zehnder and colleagues, 21 ,29±31 the early stages of bacterial adsorption can be understood in terms of hydrophobic attraction and electrostatic interactions. (iii) The smaller macropore volume (V 3 ) of carbon M (Table 3) . Since it is reported that the surface area per cell of E coli 32 is 6.7 mm 2 , with a mean dimension around 3 Â 10 3 nm, only carbon pores with a diameter greater than 3 Â 10 3 nm would be accessible to these bacteria. Most of the surface area of these carbons corresponds to micropores (Table 3) , and hence would be inaccessible to E coli and non-effective in bacterial adsorption.
After demineralization, the adsorption capacity of carbon S (sample S-HCl) was negligible. This marked reduction in adsorption capacity could be due to both the removal of oxides from the mineral matter and also a decrease in hydrophobicity, as deduced from the increased oxygen content (Table 1) and decrease in the iso-electric point of carbon S (Fig 1) .
When adsorption of E coli on sample S-HCl was carried out in the presence of different electrolytes, the adsorption capacity markedly increased (Table 4) , from virtually negligible (in the absence of electrolytes) to 87.8% (Fe 3 ), 54.7% (Ca 2 ) and 24.8% (Mg 2 ) of the added bacteria.
These data can be explained if the initial adhesion of the bacteria on the activated carbon is considered to be a physicochemical process described by colloid chemical theories such as the DLVO theory. 33±35 Since the following apply: (i) the solution pH of these adsorption experiments is around 10, (ii) the pH of the point of zero charge of the carbon sample (S-HCl) is 9.7, and (iii) the pH pzc of the E coli is around 3;
29±31 both the carbon and bacteria would be negatively charged, so preventing adsorption. In the presence of electrolytes, the repulsive electrostatic free energy would be reduced and, depending on the extent of this reduction, the van der Waal's attractive interaction may exceed the repulsive electrostatic interaction, so favouring bacterial adsorption. More bacteria were adsorbed in the presence of FeCl 3 than with CaCl 2 or MgCl 2 , because of the greater ionic strength of the former (Table 4) .
Although the ionic strengths of Ca  2 and Mg   2 were the same, bacterial adsorption was greater in the presence of Ca 2 than in the presence of Mg 2 . This could be related to the increase in cell surface hydrophobicity of bacteria such as E coli in the presence of aqueous metal salt solutions. 36 Cell surface hydrophobicity is known to in¯uence positively cell± substrate adsorption 37, 38 and increases with the quantity of metal bound by the outer membrane, mainly to lipopolysaccharide and, to a lesser extent, to phospholipid molecules. 36, 39 This binding of metallic ions by the outer membrane of bacteria is generally perceived as an electrostatic phenomenon mediated by interactions between the soluble metal cations and the anionic groups of the above molecules present in the cell outer membrane. 36, 39, 40 Most cations are bound in amounts related to their respective valencies, ionic radii, hydrated radii, and hydration energies. 36 Thus, it was found 36 that the amount of Ca bound to the cell outer membrane, OM (185 nmol metal mg À1 dry wt OM) was greater than the amount of Mg (84 nmol metal mg À1 dry wt OM) and, therefore, the increase in the cell surface hydrophobicity was higher for Ca than for Mg.
At pH 4.5 the adsorption capacities of carbons S and S-HCl were enhanced, with that of carbon S-HCl increasing the most such that its adsorption capacity was similar to that of carbon S (Fig 4) . At pH 4.5, which is intermediate between the iso-electric points of both carbons and the bacteria, the carbon samples are positively charged and the bacteria are negatively charged, favouring electrostatic interactions between E coli and the carbon surface.
As shown in Table 3 , the adsorption of bacteria on carbons S and M reduced their porosity, especially with carbon S. On the other hand, the surface charge density of these carbons also changed when bacteria were adsorbed. Thus (Fig 1) the pH pzc of carbon S decreased from 12.1 to 7.8 when bacteria were adsorbed; in the case of carbon M this decrease was lesser (from 7.5 to 6.6). This indicates that, when E coli was adsorbed to the activated carbons, the range of pH in which the surface charge of the carbon was negative increased due to the fact that E coli cells have a pH pzc of around 3. This could enhance the capacity of the carbons to adsorb positively charged species by increasing the adsorbent±adsorbate electrostatic interactions. To verify this assumption, the effect of the presence of bacteria in solution on the adsorption of Pb(II) on the activated carbons selected was evaluated (see Fig 5) . These isotherms were ®tted to the Langmuir equation, from which the adsorption capacity, X m , was calculated (see Table 5 ). Under the experimental conditions used, the Pb(II) species should be hydrated Pb 2 ions, with a hydration number of between 4 and 7.5; 41 henceforth referred to as Pb aq 2 . The data in Fig 5 and Table 5 show that the capacity of carbon S to adsorb Pb aq 2 was greater than that of carbon M, possibly because of its higher surface area (Table 3) . Moreover, at pH 5.5, and according to the pH pzc of these carbons, the surface charge of both adsorbents would be positive; thus, according to the DLVO theory, the adsorption of cations such as Pb aq 2 would be favoured with increasing ionic strength. The presence of HCl, in the case of adsorption on carbon S, would also favour this process by reducing adsorbent±adsorbate electrostatic repulsions. On the other hand, under the experimental conditions used for carbon S, different complex species could be formed, between the Pb aq 2 and Cl À from the HCl, added to maintain the solution pH at a value of 5.5, such as: 42 . The anionic species, PbCl 3 À and PbCl 4 2À , would be speci®cally adsorbed on the positively charged surface of carbon S, enhancing the amounts of lead adsorbed (Table 5) .
For carbon M, the adsorption capacity per gram of carbon (X m ) increased when Pb aq 2 adsorption was carried out in the presence of bacteria. This might be explained by considering the decrease in the positive charge of the carbon samples when adsorbing bacteria (Fig 1 and Table 3) , which brings about an enhancement in the adsorption of cationic species such as Pb aq 2 . This enhancement in the adsorption capacity (X m ) was not observed for carbon S in the presence of bacteria. When bacteria are adsorbed on carbon, a decrease in porosity and external surface was observed (Table 3) ; therefore, in order to quantify the in¯uence of bacteria on the adsorption of Pb(II), the adsorption capacity per square metre of carbon (X ' m ) was determined. The values obtained are also listed in Table 5 . It can be observed that in both activated carbons X ' m increased in the presence of bacteria, which is due to the decrease of the positive charge density of the carbon surface when adsorbing bacteria. As detected from the pH pzc values (Table 3) , the highest decrease in the positive charge density took place in carbon S, which explains its greater increase in X ' m in the presence of bacteria.
CONCLUSIONS
The increase in ionic strength enhanced the bacterial adsorption capacity of the activated carbon by reducing the electrostatic interaction free energy. Bacterial adsorption was strongly in¯uenced by the pH, which affected the surface charge of both bacteria and carbon and, therefore, their electrostatic interactions. The pH suitable to enhance adsorption capacity is an intermediate value between the pH values of the point of zero charge of the carbon and bacterium.
The porosity of activated carbons was decreased by adsorption of bacteria, which also increased the range of pH in which the surface charge of carbon was negative. The latter effect enhanced the capacity of carbons to adsorb Pb aq 2 .
